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In this study, nZVI prepared by borohydride reduction was applied for the removal of Cu2+ ions under a
variety of experimental conditions. The uptake experiments investigated the effects of initial concentration,
contact time, pH, and repetitive loading on the extent of retardation of Cu2+ ions. Within the applied conditions,
the sorbent demonstrated fast uptake kinetics and outstanding fixation abilities up to an initial Cu2+
concentration of 200.0 mg/L. Partitioning of Cu2+ ions between liquid and solid phases demonstrated an
isotherm of L-type. Within the studied conditions, the capacity of uptake was found to be 250 mg of Cu2+
per g of nZVI. According to X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) results,
Cu2+ ions were sorbed primarily via a redox mechanism that resulted in the formation of Cu2O and Cu0. The
contact of iron nanoparticles with aqueous media caused extensive formation of iron oxide. However, the
material did not completely lose its removal capacity and was repeatedly applied at low concentrations for
further uptake trials.
1. Introduction
Nanosized zerovalent iron (nZVI) technology is seen as one
of the most prominent, rapidly emerging environmental tech-
nologies with considerable potential benefits.1 This technology
could provide cost-effective solutions to some of the most
challenging environmental cleanup problems.2 The application
of this technology is offering the advantage of easier delivery
to deep contamination zones and larger surface reactivity in
comparison to scrap Fe0 used in conventional permeable reactive
barriers.3 In addition to the enormous amount of energy
stemming from their high surface/volume ratios, iron nanopar-
ticles provide a kinetic advantage in the uptake process.4 In spite
of some still unresolved uncertainties associated with the
application of iron nanoparticles, this material is being accepted
as a versatile tool for the remediation of different types of
contaminants in groundwater, soil, and air on both the experi-
mental and field scales.5 The application of iron nanoparticles
for the removal of different types of aqueous metal ions is a
growing subject. The fixation capacity of nZVI and mechanism
of interaction of this material with various metal ions have been
investigated in a number of previous works.6–12
Heavy metals are continuously discharged into the environ-
ment as a result of various kinds of anthropogenic activities.
Copper is one of the most common pollutants in industrial
effluents, among which are those of power stations, electroplat-
ing, combustion, mining, and smelting.13 This element is an
essential trace element for living organisms, but its intake at
high levels can cause detrimental health effects. On the basis
of its toxicity and persistent characteristics, copper is reported
to be among the priority elements when groundwater-associated
runoff problems are addressed.14
In previous studies, cast iron grit mixed with silica sand was
applied in column experiments for the removal of aqueous Cu2+
ions.13 In another study, zerovalent iron in the scrap form was
tested previously for the uptake of aqueous Cu2+ ions.14 The
mechanism of uptake of different ions, including Cu2+, by nZVI
has been investigated, and the fixation of Cu2+ was attributed
to a redox mechanism that leads to Cu0 formation.9 To our
knowledge, this study represents the first attempt to study the
removal of Cu2+ ions by nZVI under different experimental
conditions.
This work encompasses determining the effects of concentra-
tion, time, pH, and repetitive loading on the extent of Cu2+
retardation by nZVI. Flame atomic absorption spectrometry
(FAAS) was used to determine the aqueous concentration of
copper ions. The sorbent materials were characterized using
scanning electron microscopy/energy dispersive X-ray analysis
(SEM/EDX), high-resolution-transmission electron microscopy
(HR-TEM), X-ray photoelectron spectroscopy (XPS), and X-ray
diffraction (XRD).
2. Experimental Section
2.1. Preparation of nZVI. The synthesis of nZVI can be
realizable using a variety of physical and chemical synthesis
techniques. A summary of these techniques was presented in a
review paper on the topic by Li et al.5 In this study, nZVI was
synthesized using the method of liquid-phase reduction utilizing
sodium borohydride as the reducing agent. The applied proce-
dure was based in part on a previously reported one15 and was
given also in detail in earlier studies carried out at our
laboratories.11,12 A 17.8 g sample of FeCl2 ·4H2O was dissolved
first in 50.0 mL of solution of absolute ethanol and distilled
water (4:1 v/v). Meanwhile, 8.47 g of NaBH4 was separately
dissolved in 220 mL of distilled water to have ∼1 M solution.
NaBH4 solution was then added to Fe2+ solution dropwise
(40-50 drops/min) while providing stirring to the reaction
mixture. The black particles of nZVI appeared immediately after
introducing the first drops of NaBH4 solution, and the solution
was mixed for an extra 20 min after the addition of all the
NaBH4 solution. The iron powder was then separated from
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solution using vacuum filtration. The filtrate was washed at least
three times with 99% absolute ethanol. The powder was finally
dried at 75 °C overnight. The drying step was performed in the
oven without air evacuation, as drying in an evacuated oven
caused the sample to spontaneously ignite upon exposure to
atmospheric oxygen.
2.2. Uptake Experiments. The solutions of copper ions were
prepared from Cu(NO3)2 · 5/2H2O salt dissolved in ultrapure water
(18 MΩ). The initial concentrations used in the uptake experi-
ments included 10.0, 50.0, 100.0, 200.0, 400.0, and 500.0 mg/
L, which were prepared by serial dilution from a 1000.0 mg/L
stock Cu2+ solution.
The kinetic aspect of the uptake process was studied at the
initial Cu2+ concentrations of 100.0 and 500.0 mg/L. In each
experiment, 50.0 mL portions of Cu2+ solution were mixed with
0.050 g of nZVI. The solutions were shaken in a water bath for
the periods of 1 min, 5 min, 10 min, 30 min, 1 h, 2 h, 4 h, 7 h,
16 h, and 24 h. The liquid was then separated from the solid by
centrifugation followed by filtration.
In order to study the effect of concentration on the extent of
removal of Cu2+ by nZVI, 50.0 mL of each Cu2+ solution with
initial concentrations of 10.0-500.0 mg/L were mixed with
0.050 g of the adsorbent. The solutions were shaken at room
temperature for 4 h.
The effect of the applied dose of the adsorbent on the extent
of uptake was studied for the initial Cu2+ concentration of 500.0
mg/L. In this part, 0.050, 0.075, 0.10, and 0.15 g doses of the
adsorbent were mixed with 50.0 mL aliquots of Cu2+ solution
and were shaken for 4 h.
The effect of successive applications on the reactivity of the
adsorbent was studied at the initial concentrations of 10.0 and
100.0 mg/L. For this purpose, 50.0 mL portions of Cu2+ solution
were mixed with 0.050 g of the adsorbents and shaken for 1 h
at room temperature. The mixture was then centrifuged, and
the Cu-loaded iron sample was exposed again to another 50
mL portion of fresh Cu2+ solution. The process was repeated
for six successive trials.
The effect of pH adjustment on Cu2+ uptake was studied at
the initial concentration of 50.0 mg/L. In these experiments,
50.0 mL aliquots of Cu2+ solution were mixed with 0.050 g of
the adsorbent for 1 h at room temperature. The pH was adjusted
at the start of mixing to 3.0, 5.0, 7.0, 9.0, and 11.0, using 0.1
N HCl or NaOH solutions.
2.3. Characterization Techniques. Throughout this study,
the solutions were mixed with nZVI samples placed in 50 mL
polypropylene centrifuge tubes using a lateral shaker. The liquid
phase was analyzed using a Thermo Elemental SOLAAR M6
series atomic absorption spectrometer with air-acetylene flame.
The solid samples were characterized using XPS, XRD, HR-
TEM, and SEM/EDX.
During the XPS analysis, the samples were mounted in Al
holders and analyzed under high vacuum (<1 × 10-7 mbar) in
a Thermo Fisher Scientific Escascope X-ray photoelectron
spectrometer equipped with a dual anode. Al KR radiation was
used at 400W (15 kV) for the analyses. Data analysis was carried
out using Pisces (Dayta Systems, U.K.) software.
A Philips X’Pert Pro instrument was used for the XRD
analysis. The source consisted of Cu KR radiation (λ ) 1.54
Å). SEM/EDX analysis was carried out using a Philips XL-
30S FEG type instrument. The solid samples were sprinkled
onto adhesive carbon tapes supported on metallic disks.
HR-TEM analysis was performed using a Tecnai F20. The
instrument was operated at 200 kV acceleration voltage. Prior
to analysis, the nZVI sample was dispersed in ethanol using an
ultrasonic bath. Subsequently, a drop of the dispersion was
applied to a holey carbon transmission electron microscopy
(TEM) support grid, and excess solution was blotted off by a
filter paper.
3. Results and Discussion
3.1. Speciation Analysis. In aqueous solution, copper can
assume different chemical forms that depend on the pH of the
medium. The speciation analysis of aqueous copper ions was
performed using visual MINTEQ software at various input
conditions of initial concentration, temperature, pH, and ionic
strength values. The obtained results indicated that, up to the
pH value of 6.5, copper will exist in solution mainly in its
Table 1. Measured pH Values at the Start and End of Mixing of
nZVI with Cu2+ Solutions at Different Initial Concentrations; In
Each Experiment, 50.0 mL of Each Cu2+ Solution Were Mixed
With 0.050 g of the Adsorbent
initial concentration (mg/L) initial pH final pH
10.0 8.09 4.09
50.0 6.51 3.68
100.0 5.21 3.48
250.0 4.75 3.20
500.0 4.67 3.15
Table 2. Amounts of Cu2+ Fixed By Different Doses of nZVI at the
Initial Cu2+ Concentration of 500.0 mg/L
nZVI (g) [Cu]l (mg/L) [Cu]s (mg/g) % uptake
0.050 284 216 43.3
0.075 260 240 48.0
0.100 198 302 60.4
0.150 <0.1 >499.9 >99.9
Table 3. Comparison of Cu2+ Uptake Capacities By Different
Sorbent Materials
sorbent
uptake
capacity (mg/g) reference
nZVI 250 this studya
ZVI/sand mixture 13.3 13
Fe3O4 nanoparticles with gum arabic 38.5 18
functionalized polymer-coated silica gel 76.33 19
grafted silica 16.5 20
activated slag 30.0 21
wheat bran 15.0 22
Spirogyra species 133.3 23
a Estimated from the isotherm in Figure 4.
Table 4. Composition of the Simulated Industrial Estate
Wastewater Used in This Study
chemical species concentration (mg/L)
Zn2+ 20.0
Cu2+ 20.0
glucose 1437.5
urea 107.3
FeSO4 ·7H2O 24.8
KH2PO4 43.8
pH 6.5
Table 5. Elemental Concentrations (mg/L) of Ca, Mg, Cu, and Fe
Obtained From ICP-AES Measurements
elemental content at the
end of uptake (mg/L)
initial conc. of Cu2+ (mg/L) Cu Ca Mg Fe
10.0 0.0 78.7 10.1 3.9
25.0 0.0 75.2 9.9 4.9
50.0 0.0 73.0 10.0 0.8
75.0 0.0 77.1 10.1 0.8
100.0 0.3 82.6 10.0 0.7
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divalent ionic form. Between pH 7 and 9.5, cationic species
like Cu(OH)+, Cu2(OH)22+, and Cu3(OH)42+ will be dominat-
ing. Beyond this, Cu(OH)2 and the anionic species Cu(OH)3-
and Cu(OH)42- become increasingly effective. The initial and
final pH values at different initial concentrations obtained in
this study are given in Table 1. Within the given pH ranges
and in light of the speciation analysis, copper ions are expected
to possess the divalent form during the experiments.
3.2. Characterization of nZVI. An XRD pattern of freshly
synthesized nZVI is shown in Figure 1a. Iron nanoparticles
appear in Fe0 state, as demonstrated by the basic reflection at
44.9°. Typical TEM images of nZVI are shown in parts b and
c of Figure 1. The nZVI particles appear in the characteristic
chainlike structure, with the size of individual particles pre-
dominantly ranging within 20-60 nm. The chainlike morphol-
ogy of nZVI is attributed to the strong magnetic dipole-dipole
attractions between the individual nanoparticles.5 As is known,
the exposure of nZVI to oxygen results in the development of
an iron oxide layer, leading to a core-shell structure of the
iron nanoparticles in which the core preserves the Fe0
nature.2,5,9,16,17 As further evidence of the core-shell structure,
the nZVI samples were also analyzed using electron energy loss
spectroscopy (EELS). This analysis aimed at imaging the
distribution of Fe and O in the structure of the nanoparticles
aggregates. The elemental maps given in Figure 2 distinctly
reveal that oxygen is present in the exterior parts of the
nanoparticles, forming oxide layers that surround the Fe0 cores.
It is proposed that the oxide layer, which is about 3-5 nm
thick, protects the core of the particles against further oxidation
and provides a means for the transport of mass and charge across
it.5,8–10 In the HR-TEM images, while high-resolution lattice
fringes appeared in the core, indicating the presence of a
crystalline Fe0 phase, such fringes were not observed in oxide
images, suggesting that the iron-oxide shell is amorphous, as
Figure 1. (a) XRD pattern of nZVI; (b,c) typical TEM images of nZVI; and (d) TEM image of nZVI aged for six months. The inset in the figure shows the
propagation of the oxide layer.
Figure 2. EELS images of a nZVI sample: (a) overall map, (b) Fe0 map, and (c) O map.
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also reported in earlier findings.3 In line with the previous
reports, our HR-TEM investigations showed that the oxide layer
of nZVI particles did not exceed 5 nm thickness even after 8
weeks of preparation. Successive XRD analyses of the samples
stored under ambient conditions showed a slow development
(much slower than would normally be expected in iron powder)
of iron oxides, primarily in the forms of Fe3O4 and γ-Fe2O3. A
TEM image of an nZVI sample that was stored under normal
conditions for about 6 months is shown in Figure 1d. In general,
iron nanoparticles retain their chainlike morphology with the
thickness of the oxide layer showing variation within 5-10 nm
and occasionally appearing to exceed 10 nm, as shown in the
figure inset.
3.3. Results of Uptake Experiments. The uptake experi-
ments were started by investigating the time required for Cu2+
ions to reach equilibrium on nZVI. These experiments were
performed at the initial concentrations of 100.0 and 500.0 mg/L
for contact periods ranging from 1 min up to 24 h. The variation
of the adsorbed amount of Cu2+ for the two concentrations is
shown in Figure 3. The extent of removal is expressed in terms
of % uptake, calculated using the following equation:
% uptake)
[Cu]o - [Cu]l
[Cu]o
× 100%
Here, [Cu]o stands for the initial concentration of Cu2+ ions,
and [Cu]l is their concentration after the given time of contact.
The uptake appears to be almost instantaneous at the initial
concentration of 100.0 mg/L, with complete removal of Cu2+
ions being achieved after 1 min of shaking, while <3 h are
required to achieve equilibrium at the initial concentration of
500.0 mg/L, with an approximate equilibrium uptake of 40%.
Thus, the shaking period in the other experiments was fixed at
4 h.
The results of the experiments used to reveal the effect of
initial concentration on the uptake of Cu2+ on nZVI are
presented in Figure 4. The figure contains the uptake isotherm
in addition to a bar diagram that shows the variation in % uptake
with initial Cu2+ concentration. The isotherm appears to be of
L-type in which a plateau of saturation is approached at higher
concentration. The inset in the figure demonstrates that, up to
the initial concentrations of 100.0 mg/L, a complete removal
appears to be achieved. Beyond this concentration, a gradual
decrease in the uptake capacity of the nZVI takes place, with
less than one-half of the ions being removed at the initial Cu2+
concentrations of 500.0 mg/L. Further experiments showed that,
at such a high concentration of Cu2+, the extent of uptake can
be enhanced by increasing the dose of nZVI. The results
presented in Table 2 show that almost a complete removal of
Cu2+ at the initial concentration of 500.0 mg/L could be
achieved when the amount of nZVI was tripled. Within the
studied concentration range, as shown by the uptake isotherm,
the uptake capacity is around 250 mg/(g of nZVI). Here it must
be noted that, as Cu2+ solutions were prepared from Cu(NO3)2 · 5/
2H2O salt, it seems reasonable to assume that part of the nZVI
reactivity was used up in the reduction of NO3- ions. The
capability of nZVI toward rapid and effective dinitrification was
reported earlier.15,17
Figure 3. Variation of the % uptake of Cu2+ ions on nZVI with the time
of contact.
Figure 4. Isotherm of uptake of Cu2+ ions on nZVI. The inset in the figure
shows the variation of % uptake of Cu2+ with the initial concentration.
Figure 5. Variation of the % uptake of Cu2+ ions on nZVI with the number
of successive applications of the sorbent sample at the initial concentrations
of 10.0 and 100.0 mg/L.
Figure 6. XPS spectrum showing Cu 2p3/2 lines on iron nanoparticles.
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This value seems to be much larger than most of the uptake
capacities reported for Cu2+ removal by various sorbents, as
can be seen from Table 3 in which the uptake capacities of
different sorbents are compared. Here it should be stressed that
the values given in the table originate from different studies in
which the experimental conditions might not totally match those
applied in this study and, as such, that the comparison made
here aims at showing the high uptake potential of iron
nanoparticles rather than establishing a priority scale among
different sorbents.
The effect of repetitive loading of Cu2+ on the reactivity of
nZVI was also tested. In each of these experiments, the same
nZVI sample was repeatedly exposed to fresh aliquots of Cu2+
solutions for six successive trials, each lasting for 45 min. The
obtained results are given in Figure 5. It is seen that, while the
reactivity of nZVI deteriorated following the first round of
mixing at the initial Cu2+ concentration of 100.0 mg/L, the same
nZVI sample was very successful in retarding the Cu2+ ions
completely at the initial concentration of 10.0 mg/L for all the
studied successive trials. XRD analysis of the iron samples after
uptake of Cu2+ ions indicated extensive oxidation of these
samples as a result of exposure to aqueous solution. The
oxidation products included Fe3O4 and Fe2O3, in addition to
FeOOH. However, the experiments on repetitive loading
indicated that, unless very high metallic concentrations are
present, iron nanoparticles do not lose their reactivity toward
Cu2+ ions even after several applications.
nZVI was tested for the removal of Cu2+ ions from simulated
industrial estate wastewater. The composition of the simulated
wastewater is provided in Table 4.24 The results of the
experiments in which 50 mL solution portions were contacted
with 0.05 g of nZVI indicated that the final Cu2+ concentration
at the end of the 4 h contact period was <0.1 mg/L, with a
corresponding uptake that exceeds 99.5%.
In another set of experiments, nZVI was tested for the
removal of Cu2+ ions prepared at initial concentrations of 10.0,
25.0, 50.0, and 100.0 mg/L in tap water of the I˙zmir Institute
of Technology, which possesses a very hard nature (hardness
index ≈ 5.7 g of CaCO3 in 1 L of water). According to multiple
ICP-AES results, the initial concentrations of Mg and Ca are
26 and 200 mg/L, respectively. The elemental concentrations
obtained at the end of the uptake experiments are provided in
Table 5. Even in such a hard matrix, an almost complete removal
of Cu2+ is achieved at all concentrations. Meanwhile, a partial
removal of Ca and Mg appeared to take place as well. Table 5
includes also the concentration of Fe in the liquid phases
following the uptake process at different Cu2+ concentrations.
Not much information is available in the literature about the
fate of iron ions following the redox step in the course of uptake.
The measurements performed in the relevant experiments
indicated minimal concentrations of the element in the solution
at the end of uptake; however, more experiments are still
required to get a clearer picture on this issue.
3.4. Uptake Mechanism. Literature resources suggest that
the uptake mechanism of metal ions by zero-valent iron is
dependent mainly on the standard reduction potential and
chemical speciation of the adsorbate ion under the operating
pH. Earlier studies indicate that ions with standard reduction
potential larger enough than that of Fe2+ are fixed on nZVI via
an oxidation-reduction reaction in which Fe0 behaves as a
reducing agent.7,10 The standard reduction potential of Cu2+
(+0.34 V, 298 K) is well above that of Fe2+ (-0.44 V, 298
K), and consequently, the uptake of Cu2+ ions would be
expected to primarily take place via a redox mechanism. As
shown in Figure 6, our XPS investigations indicated that Cu
2p3/2 lines are centered at a binding energy of 932.3 ( 0.1 eV.
In literature, the binding energy of metallic copper, Cu0, is
frequently reported for the Cu 2p3/2 line at 932.6 ( 0.2 eV.25,26
Meanwhile, the binding energy reported for Cu+ in Cu2O is
also very similar to that of the metal and is reported to be
centered at 932.4 ( 0.3 eV.27 However, by calculating the Auger
parameter, it is possible to determine the valence state of the
Cu under analysis. The calculated Auger parameter indicated
that the recorded signal was derived mainly from Cu+ rather
than Cu0. This result was also confirmed by XRD patterns
recorded for iron nanoparticles at the end of the uptake process.
XRD analysis showed the appearance of more intense cuprite,
Cu2O, signals compared to metallic copper, Cu0, signals. These
results agree in part with those reported recently by Li and
Zhang,10 who suggested that Cu2+ ions are reduced to Cu0 upon
exposure to nZVI. However, the results are in agreement with
the finding of an earlier study in which ZVI in the scrap form
was employed as an adsorbent of aqueous Cu2+ ions.14
The distribution of Cu on the surface of iron nanoparticles
was analyzed using EDX analysis. The mapping images for Fe
(K), O (K), and Cu (K) are demonstrated in Figure 7. Most of
the signals of Cu are seen to be associated with those of O,
likely originating from Cu2O. Comparatively, a smaller fraction
of Cu appears with higher intensity in regions that contain weak
O signals, probably corresponding to regions where Cu0 is
present.
The above findings confirm that the primary uptake mecha-
nism is of redox type. The corresponding redox reactions,
balanced by the standard redox method in acidic media, might
be written as follows:
Fe0 +Cu2+f Fe2++Cu0
Fe0 + 2Cu2++H2Of Fe
2++Cu2O+ 2H
+
In addition, the recorded Cu 2p lines were asymmetric to the
high binding energy side, indicating that complete Cu reduction
had not occurred and that some small portion could have
remained in a Cu2+ state.
Figure 7. EDX mapping images (K lines) of the surface of iron nanoparticles after Cu2+ uptake: (a) Fe, (b) O, and (c) Cu.
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Generally speaking, the availability of FeOOH groups at the
solution-iron interface suggested previously in literature sources,
e.g., ref 16, and also confirmed by our XRD and XPS analysis,
might give rise to some contribution of surface complexation
to the uptake mechanism depending on the metallic ion under
investigation. A typical wide-scan XPS spectrum for Fe nano-
particles after the uptake of Cu2+ ions is given in Figure 8.
Two insets are provided in the figure for O 1s and Fe 2p
photoelectron profiles in the spectrum. The O 1s peak is centered
at 530.0 ( 0.1 eV and is slightly asymmetric to the high binding
energy side. Curve fitting of the O 1s profile indicated that the
predominant signal contribution was derived from O2- in metal
oxides with a minor contribution (14% by area) from OH-, in
solid hydroxide phases and attributed to FeO(OH). The recorded
Fe 2p photoelectron profiles were typical of that previously
reported for Fe in hematite,27 with the Fe 2p3/2 line centered at
711 ( 0.1 eV binding energy.
The extent of surface complexation is dependent on the
isoelectric point (IEP) of the surface of iron nanoparticles. Our
measurements of zeta potential of the iron nanoparticles were
in agreement with previously reported values16 and showed that
the IEP occurred near pH ) 8.1-8.2. Taking into consideration
that the pH range of our experiments (as reported earlier in this
text) was below the given value of IEP, the contribution of
surface complexation in the uptake of Cu2+ ions seems to be
insignificant. As is known, such a contribution is related with
the protonation/deprotonation behavior of the surface groups,
which is in turn dependent on the operating pH. In order to test
this, a set of experiments was performed in which the pH of
the medium was adjusted to 3.0, 5.0, 7.0, 9.0, and 11.0 at the
initial Cu2+ concentration of 50.0 mg/L. The results indicated
only minimal differences, with the uptake varying within
99.5-99.9% across the investigated pH range, verifying that
the uptake process is mainly of a redox nature.
4. Conclusions
The conducted batch experiments under various conditions
indicate that nZVI has fast kinetics and superior uptake ability
toward Cu2+ ions over the range of concentrations 10.0-200.0
mg/L. The sorbent was seen to undergo serious oxidation upon
contact with aqueous solution. However, high removal capabili-
ties were still obtained in repetitive applications at lower
concentrations. XPS and XRD investigations suggested that
Cu2+ is reduced to Cu+ (in the form of Cu2O) and, to a lesser
extent, to metallic copper, Cu0. Further experiments are required
to investigate the fate of Fe2+ ions that are expected to form in
the course of the redox process.
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